Reactive oxygen species (ROS) are ubiquitous signaling molecules in plant stress and development. To gain further insight into the plant transcriptional response to apoplastic ROS, the phytotoxic atmospheric pollutant ozone was used as a model ROS inducer in Arabidopsis (Arabidopsis thaliana) and gene expression was analyzed with microarrays. In contrast to the increase in signaling via the stress hormones salicylic acid, abscisic acid, jasmonic acid (JA), and ethylene, ROS treatment caused auxin signaling to be transiently suppressed, which was confirmed with a DR5-uidA auxin reporter construct. Transcriptomic data revealed that various aspects of auxin homeostasis and signaling were modified by apoplastic ROS. Furthermore, a detailed analysis of auxin signaling showed that transcripts of several auxin receptors and Auxin/Indole-3-Acetic Acid (Aux/IAA) transcriptional repressors were reduced in response to apoplastic ROS. The ROS-derived changes in the expression of auxin signaling genes partially overlapped with abiotic stress, pathogen responses, and salicylic acid signaling. Several mechanisms known to suppress auxin signaling during biotic stress were excluded, indicating that ROS regulated auxin responses via a novel mechanism. Using mutants defective in various auxin (axr1, nit1, aux1, tir1 afb2, iaa28-1, iaa28-2) and JA (axr1, coi1-16) responses, ROS-induced cell death was found to be regulated by JA but not by auxin. Chronic ROS treatment resulted in altered leaf morphology, a stress response known as "stress-induced morphogenic response." Altered leaf shape of tir1 afb2 suggests that auxin was a negative regulator of stress-induced morphogenic response in the rosette.
Environmental challenges activate a complex signaling network initiating processes that ultimately determine plant stress tolerance. Both abiotic and biotic stresses cause increased production of reactive oxygen species (ROS), such as superoxide, hydrogen peroxide (H 2 O 2 ), singlet oxygen, and hydroxyl radical. In addition to being hazardous by-products of metabolism, ROS are important ubiquitous signaling molecules with diverse roles depending on the specific ROS, their subcellular localization, and the stress in question. Plants have evolved sophisticated antioxidant systems to cope with increased ROS concentrations, but interestingly, they also possess enzymatic tools to themselves produce ROS for both intracellular and intercellular signaling purposes (Mittler et al., 2011) . Apoplastic ROS can be produced by plasma membrane-localized NADPH oxidases (RESPIRA-TORY BURST OXIDASE HOMOLOGS [RBOHs] ) and by cell wall peroxidases in response to several pathogens (Torres, 2010) . ROS production by RBOHD is also induced by heat, wounding, salt stress, high light, and cold (Miller et al., 2009) . The mechanisms by which cells sense extracellular ROS, leading to intracellular signaling, are not yet identified. The gaseous ROS ozone (O 3 ) enters leaves through stomata and degrades in the apoplast into superoxide and H 2 O 2 , which also cause the activation of RBOHD and RBOHF (Joo et al., 2005; Vahisalu et al., 2010) . Therefore, O 3 can be used to deliver a precise and controlled apoplastic ROS burst for the study of signaling events shared by a multitude of stresses.
ROS-induced signaling is entwined with plant hormonal responses. Ethylene (ET) biosynthesis is an early O 3 response, and later, salicylic acid (SA), jasmonic acid (JA), and abscisic acid (ABA) are produced Plant transcriptional responses to apoplastic ROS formation were elucidated in a time series array experiment using O 3 as a tool to produce an apoplastic ROS burst. ROS-induced changes in transcript levels were analyzed before (0 h), during (1, 2, and 4 h), and after (8 and 24 h) the 6-h 350 nL L 21 O 3 treatment, which allowed the separation of both early and late responses. The experimental design utilized a common reference sample of pooled RNA from all time points of O 3 -tolerant ecotype Columbia (Col-0) and O 3 -sensitive rcd1 (Overmyer et al., 2000) . Three biological repeats and a technical dye-swap replicate for every sample were hybridized against the common reference (Fig. 1A) . Identification of O 3 -regulated genes was done by fitting a linear mixed model to each gene using the genotype, time, and treatment as explanatory variables, followed by computation of contrasts: fold changes with respect to the same time point at control conditions, and their statistical significance. One benefit of the repeated measures design (i.e. the time course) is that differential gene expression can be measured more accurately. In Col-0, 3,635 genes had at least 2-fold higher or lower mRNA abundance at single or multiple time points when compared with their respective clean-air controls (Supplemental Table S1 ). Using this criterion, transcript levels of only two genes differed at 0 h between the control and O 3 treatments (Supplemental Table S1 ), validating the experimental setup and analysis work flow. O 3 -regulated genes identified in this study were compared with other publicly available array data, including two experiments with the Affymetrix platform (ATH1) representing altogether three time points (Supplemental Fig. S1 ). Strikingly, 2,211 genes were O 3 responsive only in our data, of which a subset (295 genes) could be attributed to different array platforms (i.e. they are not present on the ATH1 chip; Supplemental Fig. S1 ). Late time points (8 and 24 h) present only in this study included 315 and 75 transcripts, respectively, regulated exclusively at these time points (Supplemental Table S1 ), which suggested that the majority of novel genes responsive to apoplastic ROS identified in this study were due to multiple (early) sampling time points together with biological and technical repeats and robust statistical analysis. Expression of only 98 genes was increased and that of three genes was decreased by apoplastic ROS at all time points from 1 to 24 h (Supplemental Table S1 ), which indicated a dynamic temporal regulation of genes throughout the time points studied. ROS-induced gene expression of the rcd1 mutant will be discussed elsewhere.
The number of genes with altered transcript levels varied between time points. Especially at 1 h, but also at 2 and 24 h, increased expression was more common than decreased expression, whereas at 4 and 8 h, both were equally present (Fig. 1B) . Clustering revealed that the apoplastic ROS-responsive transcriptome could be clustered into nine main expression profiles (Fig. 1C) , of which profiles I to V comprise genes with increased expression and profiles VI to IX comprise genes with decreased expression (Fig. 1C) . These profiles were analyzed for Gene Ontology (GO) enrichment (Supplemental Table S1 ). Profile I expression peaked late (8 h) and remained slightly elevated at 24 h. Characteristic of this profile were biological processes related to ubiquitin-dependent protein degradation and various abiotic stress responses, such as responses to salt and osmotic stress traditionally associated with the stress hormone ABA. Profile IV included the most rapidly regulated genes and had 74 enriched biological processes, which included several types of protein modifications (lipidation, myristoylation, and phosphorylation), signaling and response to stress, response to bacterium, and regulation of immune responses. One of the first responses detected after bacterial infection or treatment of plants with pathogen-associated molecular patterns, such as flg22, is an apoplastic ROS burst (Torres, 2010) . The biological processes represented in profile IV suggest that the early ROS burst in bacterial infection and O 3 -derived ROS formation have similar signaling roles. Profiles II and III had somewhat lower expression and later peaks compared with profile IV. They were enriched in biological processes for secondary metabolism. Profile V included biological processes related to pollen and cell recognition. Recently, ROS have emerged as regulators of pollen tube growth (Potocký et al., 2007) . Profile VI contained genes with rapidly decreased expression that at 8 h had returned to the basal level. The biological processes in this group of genes related to ion homeostasis, developmental growth, and auxin stimulus. Profiles VII, VIII, and IX had decreased expression at 4 to 24 h and included photosynthesis and other chloroplast-related processes. Additionally, profile VIII was enriched for processes related to glucosinolate metabolism. Genes belonging to each expression profile and the GO enrichment results are listed in Supplemental Table S1 .
Time-Point Analysis of Biological Processes Affected by O 3 Treatment
To further investigate O 3 -induced changes in gene expression, we analyzed biological processes enriched at each time point (Supplemental Table S2 ). Altogether, 502 biological processes were enriched among the genes showing increased expression in O 3 -exposed plants, whereas 301 biological processes were enriched among genes with decreased expression (Supplemental Table S2 ). Within the set of genes exhibiting increased transcript levels, enrichment was seen consistently Figure 1 . Apoplastic ROS-responsive genes in a time series microarray experiment. A, Diagram showing the experimental setup. The experiment described was repeated three times. B, Number of genes with at least 2-fold expression changes (log 2 ratio 6 1, q , 0.05) in O 3 -treated Col-0 compared with control plants per each time point (0, 1, 2, 4, 8, and 24 h). Altogether, 3,635 transcripts were responsive to apoplastic ROS. C, Clustering of genes responsive to apoplastic ROS across all time points identified nine expression profiles. Profiles I to V included genes with mainly increased expression, and profiles VI to IX included genes with mainly decreased expression. D, Promoter motif analysis for the nine expression profiles identified within 500-bp promoters of O 3 -regulated genes. The color scale represents statistical significance. Motif sequences are provided in Supplemental Table S3 . across all time points for 81 biological processes assigned to biotic and abiotic stresses, such as defense response, response to osmotic stress, response to oxidative stress, response to temperature stimulus, and response to chitin (Supplemental Table S2 ). In contrast, for genes with decreased transcript levels, there was no biological process enrichment spanning all time points and only photosynthesis-related processes were enriched in four out of the five time points (Supplemental Table S2 ). Response to auxin stimulus and the partially overlapping process of cell morphogenesis were identified as the only enriched biological processes among genes with decreased transcript levels at 1 h (Table I) , consistent with profile VI (Fig. 1C) . Consequently, GO categories associated with plant hormones were studied in more detail. The variation in the number of altered transcripts for hormone-responsive genes throughout the time course was hormone specific (Table I) . ABA-responsive genes were the largest group of hormone-related genes with elevated expression levels. The timing and direction of ET, SA, and JA response activation were consistent with previous work (Overmyer et al., 2003) . Novel hormone responses were also detected; the regulation of brassinolide (BR) and GA responses by O 3 have not been reported previously. Auxin-responsive transcripts were the largest group of hormone-regulated genes with decreased expression (Table I) .
Promoter Elements Mediating the Transcriptional Response to Apoplastic ROS
Promoter analysis was used to explore the role of cis-elements in the regulation of apoplastic ROSmediated gene expression. A list of confirmed Arabidopsis promoter elements from the databases AGRIS (Yilmaz et al., 2011) , PlantCARE (Lescot et al., 2002) , and PLACE (Higo et al., 1999) , together with a few added elements from the literature (for details, see "Materials and Methods"), was used for the analysis of 500-bp promoter fragments of genes regulated at each individual time point (Supplemental Table S3 ). The most abundant enriched element was the W-box element TTGAC (Supplemental Table S3 ), a target for WRKY transcription factors, which are key regulators of abiotic and biotic stress responses (Rushton et al., 2010) . Due to the large number of enriched elements (48) and the redundancy in their regulatory sequence, a subset of promoter elements was chosen for a more detailed analysis within 500-bp promoters of genes in profiles I to IX (Fig. 1C) . The W box was enriched in the fast and highly induced expression profiles III to V, which are enriched for responses to various biotic stresses (Fig. 1, C and D) . O 3 exposure leads to elevated ABA concentration, particularly at the late time point 8 h (Overmyer et al., 2008) . The role of this increase in ABA has remained obscure. The promoter analysis revealed that profiles with expression changes at late time points (both increased and decreased expression) were enriched for the ABA response element (ABRE) and ABRE-like element (Fig. 1, C and D) . Consistent with this, profile I had biological processes enriched for salt and osmotic stress, which are regulated through ABA signaling. Overall, this suggests that late responses in gene expression to apoplastic ROS could be regulated through increased ABA concentration and ABA signaling. Table I . Plant hormone responses are elicited by apoplastic ROS The number of apoplastic ROS-regulated genes belonging to plant hormone response categories are shown. GO enrichment analysis was performed for genes with increased (log 2 ratio of 1, q , 0.05) or decreased (log 2 ratio of 21, q , 0.05) expression in O 3 -treated Col-0. The enrichment was calculated separately for each time point (0, 1, 2, 4, 8, and 24 h) , and no enriched processes were present in 0-h samples (data not shown). Statistically significant (q , 0.05) numbers of O 3 -responsive genes annotated to a given hormone response category are depicted with asterisks and boldface. The number of individual apoplastic ROS-regulated genes belonging to each hormone response category across all time points is shown for elevated ([) The transient decrease in the expression of auxinrelated genes in O 3 -treated plants ( Fig. 1C ; Table I ) prompted a more detailed study of the auxin signaling pathway. Of the TIR1-AFB auxin receptor gene family (Dharmasiri et al., 2005) , TIR1, AFB1, AFB3, and AFB5 had decreased transcript levels in response to O 3 ( Fig.  2A) . Transcript levels for Auxin/Indole-3-Acetic Acid (Aux/ IAA; Liscum and Reed, 2002 ) genes were mainly decreased, with two exceptions being IAA10 and IAA28, whose transcript levels transiently increased at 2 h (Fig.  2B) . The expression of genes encoding ARF transcription factor proteins (Okushima et al., 2005; Guilfoyle and Hagen, 2007) , which mediate auxin-responsive gene expression via the Auxin-Responsive Element (AuxRE), was only marginally affected by apoplastic ROS, in both directions with no consistent trends (Fig. 2C ). Signaling downstream of ARFs was studied using the auxinresponsive synthetic promoter DR5, which contains seven repeats of AuxRE, fused to the uidA reporter gene (Ulmasov et al., 1997) . The uidA transcript levels were monitored with real-time quantitative reverse transcription (qRT)-PCR. An early decrease in DR5-driven uidA transcript abundance was consistently detected in O 3 -treated plants, similar to the expression pattern of the auxin-responsive marker gene HAT2 (Fig. 2D) . The DR5-uidA and HAT2 expression levels were partially recovered already at 4 h, during the O 3 treatment, and were indistinguishable from the controls by 8 h (Fig. 2D ). This indicates that these AuxRE-dependent transcripts are transiently reduced in response to O 3 treatment. In 3-week-old rosettes, the DR5-driven accumulation of the GUS activity encoded by DR5-uidA was distinctly localized in hydathodes and young leaves, consistent with the localization of auxin biosynthesis in leaves (Supplemental Fig. S2 ; Teale et al., 2006) . O 3 treatment caused no change in the staining pattern, as detected by histochemical GUS staining (Supplemental Fig. S2 ).
To further characterize the connection between O 3 -altered gene expression and auxin signaling, we identified auxin-regulated genes from several publicly available microarray data sets, which utilized different auxin concentrations and time points (for the data sets used, see "Materials and Methods"). One hundred seventy-nine genes were identified as regulated by auxin, and of these, 60 genes were at least 2-fold regulated by both auxin and apoplastic ROS. Thirtysix genes were regulated by auxin and apoplastic ROS in the same direction (increased expression by both treatments or decreased expression by both treatments), whereas 24 genes showed an inverse regulatory pattern (increased expression by one treatment type and decreased expression by the other). Several Aux/IAA and SAUR genes, the HAT2 transcription factor, and the auxin efflux carrier PIN3 were among the transcripts belonging to the latter category. Publicly available array data were then clustered to gain further information on how these 60 auxin-and Figure 2 . Auxin signaling is altered by apoplastic ROS. A to C, O 3 responses (log 2 ratio) of TIR1-AFB receptors (A), Aux/IAA genes (B), and ARFs (C). D, Relative expression of DR5-uidA and HAT2 in O 3 -treated DR5-uidA plants was determined with qPCR. Averages from three biological replicates are shown, and error bars represent SD. Asterisks depict statistically significant differences from 0 (* P , 0.05, *** P , 0.001). DR5-uidA and HAT2 expression levels remained unchanged across time points in clean air (data not shown).
O 3 -responsive genes were regulated by different ROS, hormones, and abiotic and biotic stress treatments (Fig. 3A) . Also included in the clustering were additional Aux/IAA genes not regulated by auxin treatment and five O 3 marker genes selected from Wrzaczek et al. (2010) (Fig. 3A) . Among abiotic stress treatments, UV-B fell into the same clusters with O 3 , whereas heat, cadmium, and to some extent salt stress exhibited distinct expression patterns. Several biotic stress treatments had expression profiles similar to O 3 , although with weaker expression levels. Treatment with the translation inhibitor cycloheximide showed a similar expression profile as auxin treatment (Fig. 3A) , suggesting that the changes observed in gene expression for this group of auxin-responsive genes were mediated by the altered stability or activity of some component in the auxin signaling pathway (i.e. Aux/IAA proteins or ARFs) instead of de novo synthesis of a new regulator.
Looking closer at individual genes, the expression of several Aux/IAA genes (IAA1, IAA3, IAA4, IAA5, IAA11, and IAA29) was enhanced by auxin and decreased by ROS treatments. In contrast, the expression of IAA10 and IAA28 was enhanced by ROS-inducing treatments, especially at early time points, but was poorly responsive to auxin. Cluster Ia included also IAA7, IAA8, IAA17, and IAA34, which also lacked regulation by auxin but were decreased at late time points by O 3 treatment. To study the role of AuxREmediated regulation of transcription, the number of AuxREs in the promoters of transcripts regulated by auxin and O 3 was determined ( Fig. 3A ) and compared with known target genes of the activator ARFs: ARF5, ARF6, ARF7, ARF8, and ARF19 (Nagpal et al., 2005; Okushima et al., 2005; Schlereth et al., 2010) . Surprisingly, 33% of auxin-responsive genes did not contain an AuxRE, not even the more general AuxRE sequence (TGTCnC), in their 1-kb promoter. Because this group of genes also included seven putative targets of transcriptional activator ARFs (Fig. 3A) , the promoters of these genes were checked for the presence of AuxREs even farther upstream. Indeed, 3 kb of all these genes contain at least one copy of the AuxRE (data not shown). Genes regulated by ARFs were predominantly found among the genes induced by auxin and repressed by apoplastic ROS (cluster II), possibly due to enhanced stability of a negative regulator (i.e. Aux/ IAA in O 3 -treated plants). However, targets of these ARFs were to a lesser extent also found in the other clusters (Fig. 3A) . Treatment with the SA analog BTH reduces the expression of certain auxin-related genes (Wang et al., 2007; Fig. 3A, cluster II) . Mutants with altered SA biosynthesis, accumulation, or signaling were used to assess the role of SA in modulating the expression of auxin-related genes in O 3 -treated plants. ISOCHOR-ISMATE SYNTHASE1 (ICS1), which is disrupted in the sid2 mutant, is required for SA biosynthesis in response to O 3 treatment (Ogawa et al., 2007) . NahG carries the SA-degrading bacterial salicylate hydroxylase gene. The NONEXPRESSOR OF PATHO-GENESIS-RELATED GENES1 (NPR1) transcriptional coregulator is a central component of SA signaling (Dong, 2004) . In addition, the role of ET was evaluated using the ethylene insensitive2 (ein2) mutant. Expression of the auxin receptors TIR1, AFB1, AFB3, and AFB5 and the auxin-inducible genes SAUR16, SAUR68, and HAT2 was studied by qPCR in Col-0, npr1, sid2, NahG, and ein2. All the genes studied exhibited decreased expression levels 2 h after the start of the O 3 treatment in Col-0, similar to the microarray results obtained (Fig. 3B ). This response was not changed in ein2, npr1, or sid2 mutants, which suggests that neither ET or SA signaling nor O 3 -induced SA biosynthesis was involved in this decline in expression (Fig. 3B) . The decreased expression of auxin receptors, especially TIR1 and AFB5, was slightly compromised but not absent in NahG plants (Fig. 3B) . Treatment of plants with the elicitor flg22 leads to increased levels of miR393 and subsequent cleavage of TIR1, AFB2, and AFB3 transcripts (Navarro et al., 2006) . In contrast to flg22 treatment, the expression of the miR393 precursor transcript premiR393b and the mature miR393 decreased after the start of the O 3 treatment in . Another precursor, premiR393a, did not respond to O 3 (Supplemental Fig.  S3 ). Since premir393a is induced in flg22-treated plants prior to the increase of miR393 levels (Navarro et al., 2006) , this result suggested that the decrease of TIR1 expression in response to flg22 and apoplastic ROS in Col-0 occurs via different mechanisms. The mitogenactivated protein kinase kinase kinase ANP1 is a proposed link between ROS signaling and auxin signaling, acting through MITOGEN-ACTIVATED PRO-TEIN KINASE3 (MPK3) and MPK6 (Kovtun et al., 2000) . Neither of these MPKs was involved in the decreased expression of TIR1, SAUR68, or HAT2 (Supplemental Fig. S5 ). Based on mutant analysis, MPK4 is the proposed regulator of ROS and auxin signaling (Nakagami et al., 2006) . Unfortunately, the dwarf phenotype of the mpk4 mutant makes it difficult to use in accurate measurements of O 3 responses.
The induction pattern of IAA28 (Fig. 2B ) suggested that it might act as a negative regulator of auxin-related genes under ROS treatment. The expression of the marker gene HAT2 was tested in two mutant alleles, gain-of-function iaa28-1 (Rogg et al., 2001 ) and loss-offunction iaa28-2 (SALK_129988C), of IAA28 exposed to O 3 (Supplemental Fig. S6 ). No differences were found between IAA28 mutants and their respective controls. In conclusion, SA, ET, miR393, IAA28, MPK3, and MPK6 signaling do not appear to be involved in O 3 -mediated reduction in the expression of auxin-related genes.
Apoplastic ROS Regulation of Genes with Increased Expression
The expression of DR5-uidA and HAT2 in response to apoplastic ROS indicated a role for AuxRE and auxin signaling in the regulation of genes with transient decreased expression (Fig. 2D ). HAT2 belongs to cluster II (Fig. 3A) , characterized by expression increased by auxin and decreased by ROS. In contrast, cluster III genes were increased by both treatments as well as the SA analog BTH. These treatments all increase the expression of the marker gene GST6 through ocs and TGACG elements (Chen et al., 1996; Chen and Singh, 1999) . The TGACG element is a target for TGA-type transcription factors and NPR1 (Zhou et al., 2000) . To test if genes in cluster III were regulated via NPR1, SA, or ET, four genes from this cluster (PBP1, WRKY40, ZAT10, and ACS6) and GST6 were tested for apoplastic ROS regulation in ein2, sid2, npr1, and NahG (Fig. 3B) . In clean-air control plants, SA, ICS1, and NPR1 were positive regulators and EIN2 was a negative regulator of PBP1 and WRKY40. In response to O 3 , the expression of PBP1 and GST6 was increased in npr1 compared with Col-0, indicating a negative role for SA signaling during O 3 , consistent with our previous model for the regulation of O 3 gene expression (Wrzaczek et al., 2010) . Transgenic NahG plants, which cannot accumulate SA, did not show the same O 3 induction, indicating that a fine-tuned balance between signaling pathways will influence the outcome of apoplastic ROS-regulated gene expression.
Auxin Biosynthesis, Conjugation, and Transport in O 3 Response
The concentration of biologically active free IAA is regulated by a multilevel network of biosynthesis, conjugation, and transport. Auxin biosynthesis can occur via several partially connected pathways, most of which are Trp dependent (Normanly, 2010) . Several genes involved in Trp biosynthesis had increased expression in response to apoplastic ROS, whereas the downstream pathways varied in their response (Fig.  4A) . Several Trp aminotransferases of the indole-3 pyruvic acid pathway had decreased expression, CYP79B2 in the indole-3-acetaldoxime pathway had increased expression, and YUCCA genes YUC3 and YUC5 of the tryptamine pathway were unresponsive to apoplastic ROS (Fig. 4A) . IAA amido hydrolases (IAR3 and ILL6) had mainly increased expression, whereas GH3 genes (IAA amido conjugases) were regulated in both directions (Fig. 4A) . Altogether, gene expression does not predict a clear outcome for the net effect of O 3 exposure on auxin biosynthesis. To unambiguously determine the output of these pathways and to study possible direct auxin oxidation taking place, the concentration of free IAA was quantified from O 3 -treated Col-0. No difference in the concentration of biologically active free IAA was evident between cleanair and O 3 treatments (2, 4, and 8 h; Fig. 4B ). However, since the auxin measurements were performed on whole leaves, this does not exclude cell-specific alterations in auxin concentration. Decreased transcript levels for auxin efflux and influx carriers suggest that apolastic ROS may affect plants via modulating auxin polar transport (Fig. 4, C and D; Tognetti et al., 2011) . The auxin transport inhibitor TIBA gave a similar expression profile as O 3 treatment for auxin-responsive genes (Fig. 3A) , supporting a role for auxin transport in the regulation of apoplastic ROS responses.
Auxin and Cell Death
Short high-concentration O 3 exposure activates PCD, resulting in tissue collapse and visible lesions in sensitive genotypes such as rcd1 (Overmyer et al., 2005) . In tolerant genotypes, such as Col-0, this is restricted to a few individual cells (microlesions) with no visible damage. Several GO categories related to cell death and the regulation of cell death were significantly enriched in early O 3 -regulated genes (Supplemental Table S2 ). To investigate the role of auxin in ROS-triggered PCD, O 3 sensitivity was assayed in several auxin-related mutants that do not have gross leaf abnormalities, which could obscure the analysis of stress responses. Furthermore, double mutants were constructed between rcd1 and mutants representing different aspects of auxin biology (synthesis, transport, and signaling). AUXIN RESISTANT1 (AXR1) encodes a RUB-conjugating enzyme regulating the SCF (for Skp1-Cullin-F box) activity necessary for auxin signaling (del Pozo et al., 2002) . The F-box proteins TIR1 and Figure 3 . Regulation of auxin-related genes by plant hormones and biotic and abiotic stress. A, Clustering of transcripts regulated by auxin and apoplastic ROS. Sixty O 3 and auxin-regulated transcripts (log 2 ratio 6 1, q , 0.05) were identified from publicly available microarray experiments. In addition, apoplastic ROS-responsive Aux/IAA transcripts and five stress-responsive marker genes not regulated by auxin were included in the analysis (marked with asterisks). The number of AuxRE (TGTCnC) and TGACG elements was calculated within 1,000-bp promoter regions. Putative transcriptional regulation by ARFs is indicated with the corresponding ARF number. +, Increased expression; 2, decreased expression; NR, not regulated. B, Expression of selected auxin or apoplastic ROSregulated genes in Col-0, ein2, NahG, npr1, and sid2 in clean air (black bars) and after 2 h of 350 nL L 21 O 3 (gray bars) determined with qPCR. Expression levels are normalized to ACTIN2. Means of two to three biological replicates are shown 6 SD. Asterisks depict statistically significant differences from Col-0 in clean air (black bars) and from O 3 -treated Col-0 (gray bars) at P , 0.05.
COI1 are receptors for auxin and the bioactive JA conjugate JA-Ile, respectively, and both of their SCF complexes are targets for AXR1 regulation (Xu et al., 2002; Lorenzo and Solano, 2005) . Since axr1 is defective in both auxin and JA responses (Tiryaki and Staswick, 2002) , the coi1-16 mutant, which is specifically defective in only JA responses, was used to dissect auxin and JA signaling events. Both axr1 and coi1-16 were O 3 sensitive, but axr1 had slightly higher levels of cell death, quantified as ion leakage (Fig. 5A ). The rcd1 axr1 and rcd1 coi1-16 double mutants had additive effects on O 3 sensitivity compared with the parental lines, suggesting that axr1 and coi1-16 affect different regulatory processes in PCD than rcd1 (Fig. 5A) . Loss of auxin biosynthesis and influx in the nitrilase1-3 (nit1-3) and aux1-7 mutants, respectively, did not alter the ROS-induced cell death as single mutants in the tolerant Col-0 background or as double mutants in the sensitive rcd1 background (Fig. 5A) . Furthermore, the auxin receptor double mutant tir1-1 afb2-3 and IAA28 mutants were not sensitive to an acute O 3 exposure (data not shown). In addition to their ROS phenotypes, both axr1 and rcd1 have altered leaf morphology; interestingly, rcd1 axr1 plants were smaller than either of the parental lines, whereas rcd1 coi1-16 had a habitus similar to rcd1 (Fig. 5B) . Thus, cell death and leaf morphology experiments differentiated between axr1 and coi1-16, suggesting that JA signaling is predominantly involved in the observed cell death responses and that auxin signaling is involved in the developmental responses.
ROS-Induced Morphological Responses
Chronic exposure to elevated O 3 causes biochemical changes, reduced growth, and morphological changes in several plant species (Skärby et al., 2004; Li et al., 2006; Karnosky et al., 2007; Kontunen-Soppela et al., 2010; Street et al., 2011) . Similarly, chronic exposure to several other stresses causes similar growth changes. These responses are adaptive, genetically programmed, and have recently been referred to as SIMR (Potters et al., 2007 (Potters et al., , 2009 . To evaluate the long-term effects of apoplastic ROS-auxin interactions, the growth and morphology of plants were monitored in chronic O 3 exposure to determine the role of auxin responses in ROS-induced SIMR. Changes in leaf morphology and the relative growth rate were used as indexes of SIMR. The auxin-insensitive receptor double mutant tir1-1 afb2-3 was used for these studies together with two mutant alleles of IAA28, an O 3 -inducible Aux/IAA gene (Figs. 2B and 3A; Supplemental Fig. S6 ). All genotypes responded to prolonged O 3 treatment with a significantly decreased growth rate compared with their respective clean-air controls (Fig.  6A) . The tir1 afb2 mutant exhibited a smaller rosette size and slower growth rate compared with Col-0 under both clean-air control and O 3 -exposed conditions (Fig. 6A) . In addition to decreased growth, all genotypes exhibited changes in leaf morphology, which were documented photographically (Fig. 6 , B-E) and quantified using the LAMINA leaf shape analysis software (Bylesjö et al., 2008; Fig. 6, F-H) . The typical O 3 response was epinastic curling in the leaf margin, as exemplified by Col-0 (Fig. 6 , B and D) and quantified in the leaf area parameter (Fig. 6F) . This phenotype was a specific O 3 response, as it was not present in the clean-air controls. Similar to the other genotypes, the tir1 afb2 mutant exhibited curling in the leaf margins (Fig. 6 , E and F); additionally, epinastic curling of the leaf tip and curvature of the mid vein were seen (Fig. 6E) . Tip curling was quantified as reduced leaf length (Fig. 6G) . Furthermore, tir1 afb2 was also unique in that its leaf morphology phenotypes were subtly present already in the clean-air controls (Fig. 6C ), but to a much lesser extent than in O 3 -treated plants. This phenotype was quantified in the leaf indent width parameter (Fig. 6H) . The assay used here to quantify rosette size may not report a true rosette diameter for tir1 afb2 due to its leaf phenotype. The reduced rosette size and growth rate reported in Figure 6A for tir1 afb2 are likely artificially underestimated due to leaf tip curling (Fig. 6 , E and G). In support of this view, end point rosette size determinations of tir1 afb2 were significantly smaller than in Col-0, while fresh weight was not (data not shown). Therefore, the tir1 afb2 growth rate was likely not different from Col-0. We conclude that chronic O 3 decreased growth rate independent of auxin signaling. ROS-dependent growth control in the root has been previously shown to be independent of auxin (Tsukagoshi et al., 2010) . In contrast, SIMR, measured as altered leaf morphology, was exaggerated in O 3 -treated tir1 afb2 mutant plants, suggesting that O 3 -induced SIMR is auxin regulated.
DISCUSSION
ROS are essential signaling molecules in plant development and in response to biotic and abiotic stresses (Jaspers and Kangasjärvi, 2010; Torres, 2010; Mittler et al., 2011) . Unfortunately, the easy-to-use abbreviation "ROS" is in many cases also misleading, since individual ROS (i.e. O 3 , H 2 O 2 , superoxide, and singlet oxygen) have different outcomes on signaling pathways and the subcellular localization of ROS production (i.e. apoplast, cytosol, chloroplast, peroxisome, or mitochondria) can have a profound effect on the signaling pathways activated (Gadjev et al., 2006; Wrzaczek et al., 2010; Giraud et al., 2011) . Here, we have used O 3 to study the role of apoplastic ROS in signaling in an extended time series microarray experiment. Compared with previously published O 3 array experiments, the use of multiple time points allowed the identification of far more apoplastic ROSresponsive transcripts (Supplemental Fig. S1 ), and expression profiles with GO enrichment analysis allowed the identification of novel apoplastic ROSregulated biological processes ( Fig. 1 ; Supplemental Tables S1 and S2 ). The early response to apoplastic ROS consisted mainly of genes with increased expression and belonged to GO categories that represent signaling and defense (Supplemental Table S2 ). Interestingly, the GO category "regulation of transcription" was significant only at late time points, suggesting that the early changes in O 3 -induced gene expression were executed by preexisting components regulating the transcriptional response. Genes with a peak in expression at 8 h (profile I; Fig. 1C ) were enriched for various processes related to protein degradation and abiotic stresses such as salt and osmotic stress. This indicates that two different processes are ongoing: a reorganization of the proteome by targeted degradation, and an activation of ABA signaling. The latter is supported by a large increase in ABA concentration at 8 h of O 3 treatment (Overmyer et al., 2008) and enrichment of the ABRE in promoters of the genes in profiles I, III, and VII to IX (Fig. 1D) . The role for increased protein degradation at 8 h could be to reset the system. Prolonged activation of defense responses is detrimental to plants (Jirage et al., 2001) , and the massive increase of defenserelated genes seen early (profiles III-V; Fig. 1C ), could be offset by degradation of the translated proteins a few hours later.
Apoplastic ROS Rapidly Decrease Auxin Signaling
Several hormones are involved in the regulation of apoplastic ROS responses (Overmyer et al., 2003) . Analysis of GO categories for each of the major plant hormones showed significant enrichment of genes related to SA, JA, ET, BR, and ABA (Table I) in ROSinduced genes. In contrast, the GO categories for GA and IAA (also BR) were enriched among genes with decreased expression (Table I) . This suppression of genes belonging to the GO category "response to auxin stimulus" together with recent findings showing that auxin and ROS are regulators of plant development during stress (Potters et al., 2007 (Potters et al., , 2009 Tognetti et al., 2011) prompted us to study auxin signaling in more detail. The highly sensitive auxin reporter construct DR5-uidA indicated a 4-fold decrease in auxin response already at 1 h of O 3 treatment (Fig. 2D) . It is possible that this results from a decrease in auxin concentration due to decreased biosynthesis or in- creased inactivation via conjugation or even direct auxin oxidation during oxidative stress (Normanly, 2010) . This was addressed by auxin measurements, and the method used is mass specific (i.e. detects the free active form but not conjugated or oxidized auxins). The concentration of free active auxin did not change, suggesting that auxin homeostasis is not involved. However, since only one form of auxin was measured from whole rosettes, the possibility of cell type-specific changes and increased auxin flux (i.e. simultaneous increases in both biosynthesis and inactivation) cannot be excluded. Alternatively, the rapid decrease in auxin response mentioned above may be conditioned by regulation at the protein level in the preformed auxin signaling cascade (i.e. the TIR1/AFB, Aux/IAA, and ARF proteins). Recent studies have shown that a decrease in auxin signaling is required for pathogen and abiotic stress tolerance. F-box auxin receptors play an important role in this desensitization process via several different mechanisms.
The flagellin-triggered decrease in the expression of TIR1, AFB1, AFB2, and AFB3 takes place via both miR393-dependent and independent mechanisms (Navarro et al., 2006) . SA signaling decreased the expression of auxin-responsive genes and TIR1 likely through the stabilization of Aux/IAA proteins independent of miR393 (Wang et al., 2007) . Our results suggest a novel miR393-and SA-independent mechanism that modulates auxin signaling in response to apolastic ROS. Different tir1 afb double mutant combinations offered tolerance to salinity and decreased accumulation of ROS (Iglesias et al., 2010) , and similarly, tir1 and tir1 afb2 mutants in the Col-0 background were as O 3 tolerant as Col-0 (data not shown). The axr1 mutant, which is defective in both SCF TIR/AFB and SCF COI1 complex function (Tiryaki and Staswick, 2002) , was sensitive to apolastic ROS, apparently due to its JA insensitivity phenotype. However, the lack of JA signaling in axr1 is only partial, and Llorente et al. (2008) reported enhanced expression levels of JA marker genes TAT1 and LOX3 in axr1 mutants in response to pathogen infection. The rcd1 mutant has been proposed to exhibit constitutive SIMR (Teotia et al., 2010) . Importantly, rcd1 axr1 had a morphological phenotype not present in rcd1 coi1-16, suggesting that auxin, but not JA, enhances the SIMR-like morphological phenotypes of this mutant. Together, these results suggest that JA negatively regulates ROSinduced PCD and auxin ROS-induced SIMR.
Transient Decrease in DR5-uidA May Be Attributable to Increased Aux/IAA Protein Stability
The transient decrease in DR5-uidA and HAT2 expression indicated that auxin signaling via AuxRE was transiently decreased in response to apoplastic ROS. According to the current model of auxin signaling, short-lived Aux/IAA proteins are degraded upon auxin stimulus, which allows auxin-dependent gene expression to occur via ARF transcription factors. At which step in the signaling pathway are ROS acting? Given the fast response in DR5-uidA expression, it is unlikely that de novo synthesis of a new signaling protein is involved; instead, altered stability of Aux/ IAA proteins, which was also observed in response to BTH treatment (Wang et al., 2007) and flg22 (Navarro et al., 2006) , would lead to decreased output from the auxin signaling pathway (Fig. 7) . Furthermore, this mechanism would inhibit the de novo synthesis of Aux/IAAs and consequently allow auxin signaling to return to prestress levels, as was observed with DR5-uidA and HAT2 expression (Figs. 2D and 7) . Apoplastic ROS could also directly regulate the activity or localization of ARFs via yet unknown mechanisms.
Auxin-Responsive Genes Are Targeted by Several Stresses
The mechanism by which apoplastic ROS affect auxin responses was further studied by the identification of auxin-responsive genes from several publicly available microarray experiments (Paponov et al., 2008) and comparing them with our set of O 3 -regulated genes by hierarchical clustering. Although some discrepancy might be brought into the comparison by the differences in plant age (i.e. auxin array experiments were performed on seedlings versus the 3-week-old plants used in the O 3 array experiment) and tissue types (whole plant versus rosette only), it still gave an indication of which processes are regulated both by auxin and ROS. Approximately 30% of auxin-regulated genes were also regulated by O 3 , and several Aux/IAA genes were coordinately regulated by several stresses together with apoplastic ROS (Fig. 3A) . The commonly occurring AuxRE is found in approximately 25% of Arabidopsis 500-bp promoters (Keilwagen et al., 2011) . Auxin-responsive genes have a variable number of AuxREs in their 2-kb promoters (Lee et al., 2009) , and in our analysis, they were absent in the 1-kb promoters of some auxin-responsive genes (Fig. 3A) . This may have complicated the promoter element analysis and therefore explain the lack of AuxRE enrichment in the expression profile VI containing genes classified as auxin responsive (Fig. 1, C  and D) . However, due to the decrease in DR5-uidA expression (Fig. 2D) , ARF function must at some point be altered by apoplastic ROS. ARFs can be classified into transcriptional activators and repressors according to their amino acid sequence, but the molecular functions of individual ARFs are still largely unexplored. No major changes in the expression of 16 ARFs (including all the activator ARFs) were found (Fig. 2C) , indicating that ROS regulates ARFs posttranscriptionally. The large number of ARFs expressed in leaves offers interesting possibilities for the regulation of auxin signaling by specific ARF-Aux/IAA interactions , by other transcription factors (Shin et al., 2007) , or by brassinosteroid-dependent phosphorylation (Vert et al., 2008) . It has been suggested that the ARF activator/repressor activity might be tissue dependent (Lee et al., 2009) and that competition of AuxRE binding may occur within the ARF gene family. Indeed, it remains to be elucidated by which mechanism auxin treatment decreases gene expression. Altogether, the ARF function remains incompletely defined, and future studies are needed especially to address the role of repressor ARFs and to define the Aux/IAA-ARF interactome.
The genes regulated by both auxin and apoplastic ROS were divided into three major clusters (Fig. 3A) . Cluster II was characterized by two properties: genes with decreased expression by ROS and increased expression by auxin; it contained many genes with roles in auxin signaling, Aux/IAAs, and SAURs. In contrast, cluster III included genes with increased expression by both auxin and apoplastic ROS; the annotation of these genes revealed no obvious link to auxin signaling and no enrichment of the AuxRE. The stress-responsive marker gene GST6 has increased expression by auxin, SA, and H 2 O 2 and is regulated through ocs and TGA elements (Chen et al., 1996; Chen and Singh, 1999; Zhou et al., 2000) . The similarity between GST6 expression and cluster III prompted us to study the expression of several genes in response to O 3 in SA and ET mutants (Fig. 3B) . Transcripts analyzed included transcription factors (ZAT10 and WRKY40), ET biosynthesis (ACS6), pinoid-binding protein (PBP1), and GST6. Already in clean air, some differences were observed between the mutants: decreased expression of WRKY40 and PBP1 in sid2, npr1 and NahG and, in contrast, higher expression of these genes in ein2. This indicates that SA signaling is a positive regulator of these genes and that ET is a negative regulator in nonstressed conditions. Interestingly, the role of SA appears to be reversed during O 3 treatment, and PBP1 had increased expression in npr1 relative to Col-0. This regulation is consistent with the previously proposed model, where SA and npr1 act as negative regulators of genes with increased expression during O 3 signaling (Wrzaczek et al., 2010) . Positive or negative interactions between ROS and SA on gene expression or cell death are context dependent (i.e. the sources and localization of ROS production). During cell death, ROS and SA are acting in a self-amplifying loop (Overmyer et al., 2003) . Recently, identification of a mutant defective in mitochondrial complex II (dsr1) revealed that SA and dicamba (a synthetic auxin herbicide) activation of GST6 expression required mitochondrial ROS production (Gleason et al., 2011) . Thus, despite several sources of ROS production in the cell, the plant is able to distinguish the source and integrate the ROS signal with other hormone signals. The negative interaction between SA and apoplastic ROS is reminiscent of the negative interaction between flg22 and SA signaling (Sato et al., 2010) . Both positive and negative interactions between hormones have long been observed in development and during stress (Pieterse et al., 2009; Jaillais and Chory, 2010) , and especially negative interactions between signaling pathways are prevalent during pathogen infection (Sato et al., 2010) .
Hormone Interactions
So far, the discussion of auxin signaling has focused on mechanisms within the classic auxin signaling pathway (Fig. 7) . These processes, of course, do not define a simple linear pathway; rather, they are connected in a complex web of interacting hormone signaling pathways. In response to apoplastic ROS, there is clear evidence for the involvement of phytohormones other than auxin (Table I) , which suggests potential hormone-hormone interactions during the ROS response. Specifically, over the time frame of decreased transient auxin responses (1-4 h), ABA, BR, GA, ET, JA, and SA response genes were enriched. This is consistent with previously published profiles of O 3 -induced hormone accumulation for SA and ET (Overmyer et al., 2000 (Overmyer et al., , 2008 , while ABA and JA signaling appear to be active prior to the actual accumulation of the corresponding hormone. To our Figure 7 . The auxin signaling pathway is modulated by apoplastic ROS. The binding of auxin to TIR1/AFB receptors leads to the degradation of AUX/IAA repressors via the 26S proteasome, allowing the activation of ARF transcription factors and changes in gene expression. O 3 treatment leads to the production of apoplastic ROS, which could suppress the auxin pathway by decreasing the expression of TIR1/AFBs independently of miR393 and SA. O 3 may affect the stability of Aux/IAAs (e.g. IAA10 and IAA28), or ARF activity could be directly modulated independently of auxin F-box proteins. ARFs regulate auxin-dependent gene expression, which includes Aux/IAA transcripts. Decreased levels of Aux/IAA transcripts provide a feedback mechanism counteracting the increased Aux/IAA stability. In addition, apoplastic ROS modulated the expression of several genes involved in auxin signaling, polar transport, and biosynthesis. Chronic O 3 exposure leads to SIMR, which is under negative regulation of the auxin signaling pathway.
knowledge, the accumulation of BR and GA in response to ROS has not yet been examined. In the comparison of different hormones and stress treatments on gene expression (Fig. 3A) , BR treatment was the hormone with the most similar effect to auxin treatment. The roles and interactions of the stress hormones (SA, JA, ET) have been discussed at length previously (Overmyer et al., 2003) . The role of classical plant hormones in stress responses has gained increasingly more attention in recent years (Peleg and Blumwald, 2011; Tognetti et al., 2011) . Many hormone interactions that are relevant to this study have been observed. In biotic stress, auxin and cytokinin act as positive regulators of JA/ET-based resistance and antagonists of SA-based resistance (Robert-Seilaniantz et al., 2007) . In contrast, GA has the opposite effect, antagonizing JA/ET and working cooperatively with SA (Robert-Seilaniantz et al., 2007) . Auxin has long been known to enhance ET production via the transcriptional induction of some of the Arabidopsis ACS genes (Tsuchisaka and Theologis, 2004) , including ACS6, which has three AuxREs in its promoter (Fig. 3A) and is the primary O 3 -responsive ACS gene in Arabidopsis (Vahala et al., 1998) . Interestingly, the timing of the O 3 -induced 1-aminocyclopropane-1-carboxylic acid production peak (Overmyer et al., 2000) directly coincides with the decrease in DR5-uidA and HAT2 expression (Fig. 2D) .
SIMR Caused by Apoplastic ROS
Long-term adaptation to stress involves adjusted plant growth and morphology. Altered auxin biosynthesis, conjugation, transport, and signaling are all implicated in the establishment of adaptations to environmental perturbations (Potters et al., 2009; Tognetti et al., 2011 ). Short-term apoplastic ROS affected gene expression at all levels of auxin homeostasis or signaling (Figs. 2-4) , which might lead to long-term developmental alterations; consequently, we studied the SIMR of plants chronically exposed to O 3 . The chronic exposure to apoplastic ROS altered plant morphology, which was enhanced in the auxin receptor tir1 afb2 double mutant (Fig. 6 ). This is in contrast to previous studies that report an attenuated SIMR response in auxin receptor mutants (Iglesias et al., 2010; Zolla et al., 2010) . However, previous SIMR studies have been performed in the plant root, a tissue in which many auxin effects are the opposite of those seen in the shoot. Thus, auxin appears to act as a negative regulator of SIMR in the shoot (Fig. 7) . While auxin is involved in the regulation of stress morphology, it had no effect (Fig. 6A) on growth retardation, a parameter that commonly falls under the label of SIMR. This study may be unique in addressing SIMR responses in adult leaf tissues, which facilitated the dissection of growth and morphological responses. The most commonly used parameter in SIMR studies is root length, an index that reflects both changes in growth and morphology (cell expansion). Our results suggest that stress-induced growth repression and morphological responses are regulated independently. Leaf curling is caused by differential cell expansion on the top and bottom layers of the leaf. These results suggest that there is a specific cell identity determined by positional information that responds to ROS and auxin to alter the leaf developmental program. This developmental role for ROS is consistent with previous results in root development, where ROS signals are required for root hair development (Foreman et al., 2003) and for determining the boundary between the growth and differentiation zones (Tsukagoshi et al., 2010) .
Collectively, ROS-auxin interactions are observed at two biological processes, gene expression and SIMR, which may be connected to each other (Fig. 7) . Apoplastic ROS led to a rapid transient decrease in AuxREdriven expression, as exemplified by DR5-uidA and HAT2. We propose that the entry point for ROS in the auxin signaling pathway is through the stabilization and/or degradation of Aux/IAAs (Fig. 7) . In particular, two Aux/IAA genes, IAA10 and IAA28, were transcriptionally induced by O 3 , and they could mediate decreased expression of AuxRE-containing genes by specific interactions with ARFs. Mutant plants with altered IAA28 protein function did not exhibit any change in their SIMR or HAT2 gene expression response, suggesting that IAA28 is not involved in regulating these processes ( Fig. 6A; Supplemental Fig. S6 ). However, IAA10 may be functionally redundant with IAA28, and studies with iaa28 iaa10 double mutants will be required to fully address the involvement of these proteins. What other support exists for this model of ROS-auxin interaction? The auxin transport inhibitor TIBA gave a strikingly similar result to O 3 in the regulation of auxin-responsive genes (Fig. 3A) , indicating that redistribution of auxin is a regulator for this set of genes. This similarity between ROS and TIBA is not restricted to gene expression, as it is also observed in SIMR (Pasternak et al., 2005) .
Plant survival in a changing environment requires adaptation to the prevailing conditions. The use of ROS in combination with auxin may provide plants with an elegant mechanism to optimize plant performance during acute and chronic stresses.
MATERIALS AND METHODS

Plant Material and O 3 Treatment
For microarray experiments, Arabidopsis (Arabidopsis thaliana) wild-type Col-0 and rcd1-1 seeds were sown on a 1:1 peat:vermiculite mixture, stratified for 2 d, and grown in controlled environment chambers (Weiss Bio1300; Weiss Gallenkamp [http://www.weiss-gallenkamp.com/]) with a 12-h/12-h (day/ night) cycle, temperature of 22°C/19°C, and relative humidity of 70%/90%. One-week-old plants were transplanted into individual pots (5 3 (Bylesjö et al., 2008) . Six plants per genotype were used for experiments repeated twice with similar results. For electrolyte leakage, plants were O 3 treated with 6 h of 350 nL L 21 , allowed to recover for 2 h in clean air, and rosettes were collected into 15 mL of MilliQ water (n = 5). Cell death from control and O 3 -treated plants was quantified as described by Ahlfors et al. (2009) . The experiment was repeated five times, and the data were analyzed with linear models. All plant photographs were taken against a dark background, which was digitally made uniformly black. The axr1-3, aux1-7, nit1-3, and iaa28-2 (SALK_129988C) mutants were obtained from the European Arabidopsis Stock Centre (http://arabidopsis.info/), and the coi1-16, tir1-1 afb2-3, and iaa28-1 mutants were kind gifts from John Turner, Mark Estelle, and Bonnie Bartel, respectively. Double mutants were constructed with rcd1 or coi1-16 as the pollen acceptor. Double mutants were initially screened for the visible rcd1 phenotype (curly leaves and compact rosette) or the methyl jasmonate-insensitive root growth of coi1-16. Subsequently, all mutations were identified through cleaved-amplified polymorphic sequence or derived cleaved-amplified polymorphic sequence markers: rcd1-1 (CCGTTTTCGTCAACATCACA and CTGCAGACTGCCCTTATTTCAA; SspI); axr1-3 (TTAGGCTTCTTTTTCCTGTGTT and AAAACCAACT-TAACGTTTGCATGTCGA; SalI); aux1-7 (GAAGCCACCGTTCTTTATGC and CAAAACCCCAAAAGAGAAAAA; Eco31I); nit1-3 (ATCGTC-GATGCTTCACATTG and ATCATGTTCTTTGTCGTGGTAC; KpnI); and coi1-16 (TGTGAAGGTCGGTGACTTTG and AGTTTTCGGGGAAAAAC-CAG; Hpy188III). All double mutants were verified in the F3 generation. DR5-uidA plants (Ulmasov et al., 1997) were grown and O 3 treated together with ein2, sid2, npr1, and NahG plants. The experiment was repeated three times.
(Repeat 2 was omitted for npr1 due to outliers, and the qPCR results were confirmed with two additional repeats [data not shown].) GUS staining was performed according to Weigel and Glazebrook (2002) . IAA measurements of O 3 -treated Col-0 samples harvested in liquid nitrogen 0, 2, 4, and 8 h after the start of O 3 exposure were repeated twice with similar results. Hormones were extracted and quantified with the vapor-phase extraction method described by Schmelz et al. (2004) . Gas chromatography-mass spectrometry analysis was performed on an Agilent 6890N/5973N with G1088B electronics upgrade as a splitless injection in single ion monitoring mode as described by Montesano et al. (2005) . Ions 130, 135, 189, and 194 were monitored with 100-ms dwell time. The inlet and transfer line temperatures were 230°C and 300°C, respectively. A Restek Rxi-5Sil MS capillary column (30 m 3 0.25 mm 3 0.25 mm) with 10-m integrated precolumn was used. The column was held at 40°C for 1 min after injection, then heated by 15°C min 21 to 250°C, held for 4 min, and heated by 20°C min 21 to a 300°C final temperature (held for 3 min) with helium as the carrier gas (flow of 1 mL min 21 ).
RNA Extraction and Microarray Hybridizations
Individual plants in Eppendorf tubes were ground with cooled metal balls in a tissue lyser (Retsch MM300; www.retsch.com), after which frozen plant powder for metabolite analysis was weighed into a separate tube. The remaining leaf powder (three to 10 plants from each genotype, time point, and treatment) was pooled for RNA extraction. RNA was extracted with the Spectrum Total RNA Extraction Kit (Sigma-Genosys). The RNA integrity was analyzed on a formaldehyde gel, and no RNA degradation was observed. Sixty micrograms of RNA was used for the cDNA synthesis reaction and subsequently divided into two tubes for labeling with different dyes (Cy3 and Cy5). RNA samples were hybridized against a common reference RNA sample obtained from an identical experiment. The experiment was repeated three times. A full description of the experimental and hybridization conditions as well as all raw array data are available in the Array Express database (http://www.ebi.ac.uk/arrayexpress/) under accession number E-MTAB-662. The MWG (http://www.mwg-biotech.com/) 50-mer oligomicroarrays were identical to Ahlfors et al. (2009) and Jaspers et al. (2009) . The oligonucleotide sequences were reannotated to The Arabidopsis Information Resource (TAIR) 9 database with the BLASTn algorithm (Swarbreck et al., 2008) . A matching gene was defined to be either an ungapped perfect match of more than 37 nucleotides or a perfect match of more than 44 nucleotides with one gap. If several genes fulfilled the criterion, the oligonucleotide was termed "ambiguous"; if no matches were found, the oligonucleotide was labeled "nomatch." Altogether, the remapping resulted in 21,071 genes, 2,634 ambiguous oligonucleotides, and 738 nomatch oligonucleotides. Only oligonucleotides binding specifically to a single gene were used in further analysis.
Microarray Data Analysis
Microarray data preprocessing and analysis was carried out using scripts in R, version 2.12.1. Preprocessing of the microarrays was carried out as described by Jaspers et al. (2009) . A linear mixed model was constructed to model the expression of each gene using the nlme package (Pinheiro and Bates, 2000) . The model consisted of factor-level effects from time (0, 1, 2, 4, 8, 24 h), genotype (Col-0, rcd1), treatment (O 3 , control), and dye swap. The repeated-measured design of the experiment was taken into account by including a random effect for biological repeats. The model contrasts were computed from the linear mixed model using the multcomp package (Bretz et al., 2010) , with one-step error correction of P values. The P values for each gene and contrast were subjected to a false discovery rate correction of the P values (Storey, 2003) . Genes expressed with log 2 fold change of 61 and a q value of less than 0.05 were considered differentially expressed.
For clustering of expression profiles, pair-wise distances between the time series of differentially expressed genes were computed as described by Toh and Horimoto (2002) . The pair-wise distance matrix was then clustered using affinity propagation (Frey and Dueck, 2007) , as implemented in the R package apcluster. The algorithm was initialized with 10 random initializations with self similarity of 221.10333. The solution giving the best net similarity was selected.
GO enrichment analysis was carried out for the differentially expressed genes clustered in each of the expression profiles using the annotation of TAIR10 (ftp://ftp.arabidopsis.org/home/tair/Ontologies/) and scripts in R. The enrichment was analyzed using the Fisher exact test. A BenjaminiHochberg false discovery rate correction of the P values was applied for each GO category. GO enrichment also was performed separately for differentially expressed genes at each time point.
Real-Time qRT-PCR
Verification of the microarray results and additional gene expression analysis was performed with qRT-PCR. RNA was isolated and treated with DNase I as described by Jaspers et al. (2009) . RT was performed with 5 mg of RNA with RevertAid Premium RT and Ribolock RNase inhibitor (Fermentas), and the reaction was diluted to a final volume of 200 mL. qRT-PCR was performed in triplicate using 1 mL of cDNA template per reaction with primers, iQ SYBR GREEN supermix (Bio-Rad), and water. The cycle conditions with Bio-Rad CFX were as follows: one cycle initiating with 95°C for 10 min, 39 cycles with 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s, and ending with a melting-curve analysis. Primer sequences and amplification efficiencies determined with the Bio-Rad CFX Manager program from a cDNA dilution series are given in Supplemental Table S4 . The raw cycle threshold values were normalized to ACTIN2 (At3g18780). Fold change and P values were computed with scripts in R using linear mixed models. Based on a likelihood ratio test statistic, a random effect for each biological repeat was incorporated (P , 0.05 was considered significant); otherwise, a standard linear model was used. Contrasts were computed with the multcomp package (Bretz et al., 2010) with single-step P value correction.
The quantification of miR393 was done from RNA isolated with Tri Reagent (Molecular Research Center) according to the method by Chen et al. (2005) . One microgram of RNA was used for cDNA synthesis (16°C for 30 min, 42°C for 30 min, and 85°C for 5 min) with a miR393-specific stem-loop primer (Feng et al., 2010) . Undiluted cDNA was used for miR393 quantification with the primers in Supplemental Table S4 , and miR393 expression was normalized to ACTIN2.
Promoter Analysis
For promoter analysis, the 500-, 1,000-, and 3,000-bp promoter sequences of TAIR10 were downloaded from http://www.arabidopsis.org/. A list of 196 known binding motifs was collected from AGRIS (Yilmaz et al., 2011) , PlantCARE (Lescot et al., 2002) , and PLACE (Higo et al., 1999) and from recent publications reporting new binding motifs (CM2; Doherty et al., 2009) , auxin motif AtREG553 (Yamamoto et al., 2011) , and AuxRE TGTCnC (Lee et al., 2009 ). Matching of the motifs was carried out with scripts in R for both plus and minus DNA strands of the promoter areas. Enrichment of motifs was determined with the Fisher exact test.
Analysis of Publicly Available Gene Expression Data
A data set of publicly available experiments using the Affymetrix ATH1-121501 platform was collected from several data sources (NASCArrays; http://affymetrix.arabidopsis.info/narrays/experimentbrowse.pl [ABA, IAA, 2, 4, cycloheximide, MG132, SA, ; brassinolide, NASCARRAYS-179; BTH, NASCAR-RAYS-392]; ArrayExpress; http://www.ebi.ac.uk/microarrayas/ae/ [methyl jasmonate, E-ATMX-13; PQ, E-ATMX-28; IAA, E-MEXP-1256]; and Gene Expression Omnibus; http://www.ncbi.nlm.nih.gov/geo/ [H 2 O 2 , GSE5530; IAA, GSE1491; Salt, GSE5623; Heat, GSE19603; High light, GSE7743; UV-B, GSE3533; Cd, GSE22114; Flg22, GSE5615; Pseudomonas, GSE5685]). The data were analyzed with scripts in R. The raw .cel files were first normalized with robust multiarray average normalization, and for each experiment, the log 2 base fold changes of treatment versus control were computed. The preprocessed data were clustered using Bayesian hierarchical clustering as described by Wrzaczek et al. (2010) .
Identification of auxin-regulated transcripts was done from robust multiarray average-normalized .cel files: E-GEOD-1491 (5 mM IAA for 1 h), E-MEXP-1256 (20 mM IAA for 2 h), and NASCARRAYS-175 (1 mM IAA for 1 h, 3 h, and 30 min). Genes with at least 2-fold change and P , 0.05 in one or several of the experiments analyzed were considered as auxin responsive. A total of 196 genes filled these criteria, of which 179 genes were present on the MWG oligonucleotide array.
For comparison of O 3 array data, the following public data sets were analyzed as above (3 h at 350 nL L 21 for E-MEXP-1863, 6 h at 350 nL L 21 for E-MEXP-1863, and 1 + 3 h at 200 nL L 21 for GSE5722).
ARF target gene lists were identified from the following sources: ARF7 and ARF19 targets (227 genes) from Okushima et al. (2005) , ARF6 and ARF8 targets (18 genes) after Nagpal et al. (2005) , and ARF5 targets (97 genes) after Schlereth et al. (2010) . SAUR64 (At1g29450), whose expression level mildly decreased in response to apoplastic ROS, was present in all of the three original lists, whereas 32 targets were shared by two lists. Altogether, these gene lists contained 308 genes, of which 200 were present on the oligonucleotide array. A total of 125 putative ARF targets were found to be regulated by apoplastic ROS. Seventyeight ARF targets were in common with the auxin-regulated gene list.
Analysis of SIMR Data
SIMR data were analyzed with scripts in R. First, a logarithm of raw rosette diameter data was computed as described by Hoffmann and Poorter (2002) . Then, a linear mixed regression model was estimated from the data with logarithmic diameter as the dependent variable and measurement day (1 or 7 d; continuous), treatment (O 3 or control; categorical), and genotype (Col-0, Wassilewskija [Ws-0], iaa28-1, iaa28-2, tir1 afb2; categorical) as covariates. The repeated-measures design of the experiment was taken into account by including a plant-specific random effect. Biological repeats were further modeled with a random effect. The cross-effect of treatment and genotype was not significant (likelihood ratio P value of 0.88) and was removed from the model. Differences and false discovery rate-corrected P values between relative growth rates were computed using the multcomp package (Bretz et al., 2010) . The LAMINA data were analyzed with a linear mixed model having hierarchical random effects for plant and leaf within a plant. A logarithm of the data was taken before modeling to improve the linear model fit of the data.
The array experiment accession number is E-MTAB-662.
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